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ABSTRACT 


This investigation experimentally determined the minimum 
loss incidence angle, deviation angle, and total-pressure 
loss coefficient for a cascade with airfoil-type blade 
profiles used as inlet guide vanes for an axial-flow 
compressor with an equivalent camber angle of 37.6 degrees 
and unit solidity. The experimental values were compared 
with values predicted using correlations based on compressor 


cascade tests. 
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ae CE RODUC LON 


Ne@svy axial-itlow Compressors, particularly those operating 
with a degree of reaction of 50%, require inlet guide vanes 
That produce the necessary whirl components of the flow 
feeaa Ol the first rotor blade. Since flow deflection in 
these inlet guide vanes (IGV, for short) is considerably 
aiemever than the flow deilections in turbine bladings, the 
eee principles of the latter marnot be applied with 
Smerrereny accuracy. On the other hand the flow in the IGV 
is accelerated - in contrast to that in an axial flow oO One. 
Where it is decelerated. I1t is however, possible for IGV 
temusce ailricil=shaped profiles of the same type as in rotor 
bladings. 

Presencly there are no design correlations available 
Whach enable the designer to predict the so-called deviation 
angle of the flow. The deviation angle is the angle between 
the direction of the flow leaving the trailing edge of the 
blade and the tangent to the mean camber line at the trailing 
edge of the blade. 

The designer is also unable to predict the total-pressure 
loss coefficient defined as the ratio of the loss of total 
pressure in the IGV to the inlet dynamic pressure. 

iemeobMveeulvcecwOn tniS Investigation were to compare 
the characteristics of the IGV, which can be determined 


with the correlations of Chapter VI of Ref. 1 by assuming 





mfeilecO Operave as compressor blades, with tests conducted 
fmeome Rectilinear Cascade Facility of the Turbopropulsion 


imaporavory at the Naval Postgraduate School. 





IL. NATURE OF INVESTIGATION 


ieee PURPOSE OF INVESTIGATION 

The redesign of the low-speed axial-flow compressor test 
fee at the Turbopropulsion Laboratory, oven OSiewdauate 
memool, for investigations ©l tip clearance effects, pointed 
elec iewlack of design information on IGV. Information was 
desired to determine the deviation angle for the minimum 
loss conditions of the IGV for unit solidity and the C4 


Bade profile which were to be used. 


B. AREA OF INVESTIGATION 

Pevemeative tesebineg resulting in large amounts of data has 
been conducted on both compressor and turbine cascades. 
This data has been analyzed and correlations have been deter- 
mimead for the design of efficient compressor and turbine 
Paages.. 

iiemiavedie Siintlar CO Compressor blades in that Chey 
ere normally used in the same range of solidity, have the 
Same range of turning angles, and have similar shape. On 
i@emotrmerwoaneG.  lGy are Like turbine blades, accelerating 
ic lOteiimeneinns because Of these conditions, neither 
turbine nor compressor correlations can be applied to the 
geste Or wi = Wath SUPIreient accuracy. 

iMemwORyeeceivye Ol Unis investigation was to conduct a 
series of cascade tests on a standard blade section as used 


for IGV. The results of the tests would be compared to 


10 





values of deviation angle and loss coefficient calculated 
Msing correlations based on compressor cascade data. A 

NACA 65 series blade section was used for the tests because 
meeoec Dlades were available in the laboratory and the results 
Bewld be applied to the C-4 circular arc blades to be used 


SomlGy in the test compressor. 


C. CORRELATIONS 

Some correlations of the data from previous cascade 
mare Of compressor Dlades are given in Chapter VI of 
Ref. 1. The correlations were established for NACA 65 
mao blades with a thickness ratio of ten percent. Cor- 
meter On tacctors are applied to certain parameters in the 
@reulavions for Other blade thicknesses and thickness dis- 
tributions. These values are given in Ref. 1 for the C-4 
series blades. Because the Mach number was less than 0.25, 
Sereeeetvions for Mach number could be neglected. 

The correlations were derived using a reference location 
at the minimum point on the total-pressure loss coefficient 
Wetououimetdence angele curve. For compressor cascades at 
low Mach number, this region of the curve is generally flat 
and the reference point is taken as the midpoint of the 
ee LO). 

Pence ence neidence Angle 

The determination of the reference incidence angle 
Pmeenenin tworsteps. The first 1s the determination of the 


reference, minimum loss incidence angle for the blade with 


1 





memo camber. The second step is the correction of this 
value for blade camber. 


iiiemezero-ecamocr Incidence angle is expressed as 


ip = (Kon (Kye (Lg) a9 (1) 


where (i is the zero-camber incidence angle for the ten- 


010 
percent thick 65 series blades. eae and (K,), are 
Mmeerness and Shape correction factors for blades other than 
the NACA 65-series. The value of (1) ) 16 is obtained from 
fowls, Ol mei. | as function of solidity and inlet-air 
angle. ise) and (K,), are unity for the blades under 
study. 


The correction for camber takes the form of 
ak = ji. + no (2) 


where @ is the camber angle of the blade and n is the slope 
of the incidence-angle variation with camber curve found in 
fees ot Ret. 1, again as function of solidity and 
inlet-air angle. 
ay Devarac son Ane le 

The reference deviation angle can be found by the 
Semuceo= method yor by Carter's Rule. 

ipemoeccueeodemetnod 15 Similar to the reference 
incidence angle determination. A zero-camber deviation 
angle is obtained from Fig. 161 Ref. 1, for given solidity 
em@eialet=air angle. This value is Corrected for blade 


thickness and thickness distribution as in equation 1. The 


Ve 





reference deviation angle is then determined from 


Smet acre ae on 


where 6 homie e2ero-camboer deviation angle and m is the 
peeope Of the deviation-angle variation with camber curve, 
obtained from Fig. 162 Ref. 1 as a function of solidity 
and inlet-air angle. 


Carter's rule is given as 


m 
me? 


6 = cD 


ref 
Oo 


where ma Msea 1UNnCGion of Dblade-chord angle, given by Fig. ée, 
which is an extrapolation of Fig. 160 Ref. 1 for the region 
Of mnefaetive blade-cnord angles. This line can be used for 
both NACA 65 and C-4 series blades. 

MiewOc Memon anole, USing eErthner of the Oo nef Welles). 


is expressed as 


= : . dé 
6 = Sier * (i - Let? Sat eet (5) 
where (SS) ar represents the slope of the deviation angle 


Vemlaulon au tune reference incidence angle. This value is 
Serarneo trom rig, 1/7 Ret. 1 as a function of inlet-air 
angle ante Soma cali y . / 
Se eoess  Coct ficient 
The total-pressure loss coefficient was used to 
compare the losses across the IGV. This coefficient is 


defined as 


vee ale lec (6) 








eS ctr || 4+ — 


BLADE - CHORD ae am 


30 40 


FIGURE 2. Extrapolation of Fig. 160 Ref. 1 for values 
Seeiemeareet S rule paeramever m, for 
Gugewlanr are blades, to nersative values of 
blade-chord angle. 
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MicmeececrMamabta om Of the coefficient by either of 
Meemuwo Metnoads of Chapter VI Ref. 1 is based on the local 


Giffusion factor 


V - V 
_ max 2 (7) 


Loe a 


D 


where ee is the maximum suction-surface velocity. This 


me 
Bueor iS a measure for the decceleration of the flow over 
micwplage Surface which is directly related to the boundary 
Zeer tormation. The boundary layer causes the formation 
of the wake and a major portion of the resulting losses. 
femever, 1 the cascade configuration under study, the flow 
femaceelerated with a resulting positive pressure gradient 
meee Diade channel and not a deceleration with adverse 
Meescolwre Cradient as occuring in compressor blades. The 
memimeacion of the boundary layer is different due to the 
Geiterent pressure gradients and the diffusion factor is in 
eeeece Underined and not applicable. 

However for the purpose of this investigation, the 
diffusion factor is assumed to be valid and it will be used 


Momieterniniesehne Loss coefficients. Because a continuous 


measurement of velocity along the blade surface is not 


Paeureat.  Gie Gitfusion factor has been redefined ast 
V 
2 AV 
D= (1 - =) + —~— (8) 
Vy cov, 


Imnis can be done for compressor blades because the 


pressure (velocity) distribution on the blade is of 
the shape shown in Fig. 13(10) of Ref. 2 and equation 
8 will approximate equation 7. 


le) 





where the velocities are shown in Fig. 147 of Ref. 1. The 
memocivcy Glagram for an inlet guide vane is shown in the 


fmepure below. 





P4=o 
These conditions lead to the equation 
tan B 5 
Peete coset. + (9) 


Actually, two methods could be used to find Y. With 
Miemiarse the difiusion factor is used as an input to Fig. 


Y cos Bo from which Y 


20 
can be calculated. For reference this method is called 


feeb) Ref.1 to obtain a value of 


meunod 1. 

Micwouner Meuhnod Consists in using the diffusion 
factor in Fig. 148 Ref. 1 to determine a value for the 
momentum—-thickness ratio. This value and an estimate for 


the wake form factor H, are substituted into equation 264 


2 
of Ref. 1 to determine Y. This approach .is called method 
TWO. 

Again it should be emphasized that these correlations 


were derived for compressor cascades where the flow is 


decelerated. 


1s 








Pree ne QUIREMENTS FOR THE TEST FACILITY 

tmivieal calculations of the total-pressure loss coeffi- 
Srent indicated that a value in the range of 0.01 could be 
expected. To this value would correspond an average total 
Meecssure drop across the blades of about 0.25 inches of 
water and would even be smaller outside of the blade wake. 
moemensure accurate measurement, a steady state situation and 
uniform inlet conditions were needed in the cascade. Also 
required to model IGV conditions was an inlet-air angle of 
Er O 

Ww steady State Approximation 

ine cascade test rig used to conduct the test was 
affected by power and atmospheric variations. This caused 
/ereriatvtons of the flow conditions in the cascade, resulting 
Memaevariation of inlet total pressure of as much as 0.20 
inches of water over a 15 minute period. This was considered 
meomreresat a variation for accurate results. 

The use of a reference pressure in the flow ahead of 
tmewcascage which varied in the same manner as the other 
pressures was used as a solution. No modifications were 
possible to the cascade facility in the time available to 
reduce the fluctuations. The reference pressure used was 
the total pressure sensed by a Kiel probe at a fixed 
location upstream of the inlet measuring plane. 

The pressure data taken in the cascade was then 


reduced into a flow function dependent on value measured 


IEF 





pmoereterence pressure. The two functions used in the tests 


were 
Ce 
vee a ye pa (10) 
k atm k atm 
fmoere fF, 15 the Kiel probe total pressure. For data 


k 


Pecuction an average Kiel probe total-—pressure value was 
were as 4 reference. 
foe onret Conditions 

Work was done by Bartocci in 1964 [Ref.3] to improve 
meemertet COnditions of the cascade test facility. However 
a@ecurvyey of the inlet of the test section showed Variations 
Meier uel percent in total pressure with inlet vanes. 
ieee 1mleCy Vanes the pressure was more uniform, however, 
Meme o-all angle varied up to five degrees across the 
feeemeerme plane. Wire screen placed across the inlet did 
Meme rove the conditions, but merely reduced the flow 
Temecuvy  chrough the test section. 

itemecnicC@umenawateune Cenvlver of the inlet measuring 
plane, ahead of the center blade, without inlet vanes and 
Tae Serecem were Uniform in total pressure to one percent 
PwemcConsbanuetminlel—-air angle to within +./5 degrees. 
The tests were carried out at this location to obtain the 


most accurate results. 
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Veeco Of INVESTIGATION 


iivembests ©f1 the anlet guide vanes were conducted in the 
Pectalinear Cascade Test Facility of the Turbopropulsion 
Mmeamoratory at the Naval Postgraduate School, Monterey, 
California. A schematic of the general arrangements of the 
fe—ieracility 1S Shown in Fig. 3. The cascade is an open 
Sere Wand tunnel in which a number of identical axial-flow 
mumeoeomacnhnine blades arranged along a straight axis can be 
tested. The rectilinear cascade is an approximation of the 
Meine arrangment in axial-flow turbomachines; however, if 
weemem Olages are used the periodicity of the exit flow 
Gmemaicalbes the exit flow in actual machinery closely enough 
wemerve Valid results. 

Poca MlCOmaecscriptaon of the test facility as installed 
was given by Rose and Guttormson [Ref. 4]. Modifications 
ada ecnanges to the facility have been made to improve the 
ileve2n the test Section and to increase the accuracy of the 
instrumentation. These changes were described by Bartocci 


irene 3s and 5 |) and Woods [Ref. 6]. 


A. EXPERIMENTAL ARRANGEMENTS 

iMemeccaseadenarrancement for the SORES OEE as shown in 
Figs. 4 and 5. The cascade consisted of seven blades with 
a spacing of eight inches. The side walls were parallel 


with an angle of two degrees from vertical to produce axial 


flow ahead of the blades. 
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Figure 5. Cascade arrangements showing location 
of the sidewalls, blades, and Kiel probe 
below the lower measuring plane. 
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iicomimlep measurement plane was located nine inches 
Teerecaliy upsueream of the blade leading edges. Two exit 
Measurang planes were provided, one-half, and four inches 
vertically behind the blade trailing Cee The half-inch 
meee Was Tound tO be too close to the blades to obtain a 
memo lete indication of the wakes. The narrowness of the 
wakes and the steep gradients in the wakes combined with the 
merc) S126 O01 the measuring probe made accurate mapping of 
the wakes impossible. All the data presented here was 
obtained using the measuring plane four inches (one-half 
chord length) downstream of the blades. 

The blades used were NACA 65-(15)10 airfoil sections. 
The design camber angle was 37.6 degrees, with a blade 
Pememcro: ten inches and a chord length of eight inches. 


ioeeccoulting solidity was therefore equal to unity. 


B. INSTRUMENTATION 

Measurements at the inlet and outlet measuring planes 
were made with United Sensor and Control Corporation YC-120 
Tlow probes, which are two-dimensional, directional probes. 
These probes had three sensing holes on a wedge-shaped prism 
measuring section. Two holes, one on each side of the wedge, 
Beve an andaeauion of the static pressure. 

They also allowed the sensing of the direction of the 
ie Mihm rbiie Llemprobe about itS axis until the pressures 


at these two holes were equal. The total pressure was sensed 


at the center hole on the leading edge of the wedge when the 


2D 





Meede ts directed into the flow. The dynamic pressure was 
determined by the difference of the total pressure and the 
Bverage of the side hole pressures. This value was corrected 
Because the side pressures are not exactly equal to the 
Mmepual static pressure in the flow. The calibration and 
correction function of the probes were described by Woods in 
mer. 6, 

The probes were mounted in traversing carriages at the 
upper and lower measuring planes. The lower (upstream) 
Peeriafe Was mounted On, and extended through, the steel rear 
wall of the cascade test section. The upper (downstream) 
carriage was mounted on an adjustable frame shown in Fig. 6, 
meme (vena cemeMrourh a slot in the Plexiglass front wall. 
All measurements were made half-way between the front and 
Becmeewalls, Ghat 15, av the mid-span of the blades. 

The horizontal locations of the probes and the flow 
angles sensed by the probes were read on the Systron-Donner 
model 160-11 automatic data-logger system described in 
detail by Woods in Ref. 6. The probe locations along the 
cascade axis could be measured with an accuracy of about 
20.020 inches. The angles could be determined to an 
accuracy of +0.5 degrees. 

All pressure measurements in the rere were taken with 
manometers connected as shown in Fig. 7. A ten inch Meriam 
micromanometer was used for reading the difference between 
Pew toleprope Loval pressure and the wedge probe total 
OGesore Wibh @n accuracy of #.005 inches of water. 


All other cascade pressure readings were 


ay 








Figure 6. Cascade arrangement showing the upper 
traverse and support frame in place. 


25) 





===] ox 


KIEL PROBE j WEDGE PROBE 





ite lee % - a re ‘side D 2 3 
Cmilero— 
manometer) 


FIGURE 7. Arrangement of pressure sensors for either 
upper or lower cascade traverses. 
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determined with glass U-tube manometers with an accuracy of 
2.05 inches of water. The manometers are shown in Fig. 8. 
The uncertainty of the value of Y when determined by the 
methods of Ref. 7, using the values given above, resulted in 
emmuncertaimvy of .0103. Since the uncertainty was of the 
pole Order Wi mMagiivude as the expected reading, more than 
@me set of Gata was required for each test configuration. 
The Kie@eerope was mounted through the Plexiglass front 
wall upstream of the inlet measuring plane. Its location 


ema orientation was fixed during all surveys. 


C. PROCEDURES 

(he Nite oimmeeecascade were made wilh a blade- 
chord angle of -18 degrees. An inlet survey was made at 
mmeervals of 0.5 inch, for twelve inches on either side of 
the centerline. Four surveys were made at the outlet plane, 
Gem one over a distance of eight inches. The spacing 
Beeween Gata points varied from 0.5 inch to 0.05 inch in the 
blade wakes. Two surveys were made behind the center blade 
and one each behind the adjacent blades. The results of 
Emese runs dndicated that the values for each of the three 
blades were consistent with each other. Therefore the 
remaining runs were made in front and behind the center 
beeade -on ly. 

The test series consisted of runs made with blade-chord 
angles of -18, -15, and -21 degrees with a solidity of unity. 

The following values were recorded for each run: atmos- 


pheric temperature and pressure, plenum temperature, number 


ii 








FIGURE 8. Instrumentation arrangement showing 
miLecromanometer., plenum pressure manometer, 


and U-tube manometers mounted on the rear 
wall cf the cascade. 
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of data points before and after the blades and an average 
value for the Kiel probe total pressure above atmospheric 
Peessure. AL each point the traverse location, flow angle 


from vertical, and the following differential pressures were 


recorded: 
Ly = aera 
P,. - Pi (Micromanometer) 
— f uiele 


item eccCemccdnpressure readings at each data point were 
used to calculate the two non-dimensional pressure coeffi- 
meres Dreviousily aescribed, which were read into the 
IBM 360/67 digital computer program of Appendix A. The 
computer program used the trapezoidal method of numerical 
Integration to compute the mass averaged conditions at the 
Memeo anid @xit C1 the test Section, and the lloss coefficient 


ie 
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IV. RESULTS OF THE INVESTIGATION 


fee REDICTED VALUES 

A tabulation of the predicted values of the deviation 
angle and loss coefficient for the range of blade-chord 
Peieiles under consideration is shown in Table 1. The values 
are shown for all methods used to calculate each parameter. 

The variation between the deduced method and Carter's 
fe Of predicting Ae uaaoion angle was about 1.5 degrees 
throughout the range of interest. The rate of change of 
Mevtavion angle with respect to turning angle is nearly 
came. tor both methods. This can be seen in Fig. 9, where 
Omewdeviation angle is plotted as a function of turning 
angle. 

the results of the two methods for calculating the total- 
Mmeeaoure loss coefficient give consistent HOGUOES: ese 
results are shown in Fig. 10 where the loss coefficient is 
Meeselvead as a function of incidence angle. 

Because in Equation 1, where corrections are made for 
Praee LM Cckhkhess ana thickness Gistribution different from 
the ten percent thick NACA 65 series blade, the values of 
(i dig and (6 ig for deviation angle are zero, the resulting 
predictions are valid for other thickness of similar size 


with the same camber angle, such as the C~4 profiles. 
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Heeb e |. PREDICTED VALUES 


The values tabulated are the predicted values calculated 
Peame the correlations of Ref. 1 (NASA SP-36) for the measured 
meee w-air angles and unit solidity for a NACA 65-(15)10 


blade (camber angle 37.6 degrees). 


a) Reference incidence and deviation angles. 


b) 
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FIGURE 9. Deviation angle vs. turning angle for a 
NACA 65-(15)10 blade used as an inlet 
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Pee GAPERIMENTAL RESULTS 
| Biewexpermimenval results are tabulated in Table 2. At 
least two runs were made at each blade-chord angle setting 
as a check because of the large uncertainty which was 
Gascussed earlier. 
ie Deviation Angle 

In Figure 9 the experimentally obtained values of 
deviation angle can be compared with the correlation results. 
mogesexpected uncertainty of the experimental points was 
mimo caepree. However the variation of the data points was 
Meos)vhnan 0.35 degrees for any one blade-chord angle setting. 

The experimental values are smaller than the values 
predicted by Carter's rule and larger than those obtained by 
Gine Geduced method. However the slope of the curve of the 
experimental results in Fig. 9 was steeper than the slopes 
of the predicted curves.. 

ee local=Pressure Loss Coetiicieny 

ine sexperimentally Obvalned voOtal—pressure Toss 
Meemricients are plotted in Fig. 10 with the correlation 
mesults. Although the expected uncertainty was of the 
Greer ot .0l for Y, the experimental results at a particular 
blade-chord angle setting varied less than_.0015 tone white: 
rent S) « 

ecemoarison Of the experimental results and corre— 
lations show that neither the shape nor the values of the 
experimentally determined Y curve was predicted by the two 


correlation methods. 
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Meebe 2. EXPERIMENTAL RESULTS 


bne values tabulated are the results of experimental 


tests on a cascade made up of NACA 65(15)10 blades. 


ON 





I~ HAI 


3D 





V. CONCLUSIONS 


eon tne experimental results shown in Fig. 11 the opti- 
mum setting for NACA 65-(15)10 blades used as IGV can be 
found. It can also be seen that there was a range of low 
losses from -5 to 0 degrees incidence angle in which the 
Seeeavion angle varies 0.5 degrees, that is, from 6.5 to 
{.0 degrees. This range would be the low-loss operating 
meee Of the blade. The predicted minimum loss incidence 
pigee, —1.32 degrees, was in this range. The minimum loss 
incidence angle and deviation angle at that point were pre- 
Gmewead by the design correlations for compressor blading 
With an accuracy of 12.0 degrees. However they did not 
Meare n accuravely the absolute value of the vtotal—pressure 
Meeecoectiicient or its variation with incidence angle. 

Because the thickness and thickness distribution of the 
beeag@e had no influence on the values of deviation angle or 
losses predicted, the experimental values for the NACA 65 
ten percent thick blade should be’applicable to any similar 
blade with equal equivalent camber angle including the C-4 
ma@otiile about which information was desired. 

Additional Becton cNerldmper carried sOuemmO Verity vmaat 
the minimum losses were at -3 degrees incidence angle by 
obtaining experimental results with the same blade and 


solidity at blade-chord angles of -12, -9, and -6 degrees. 
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meeiind the effects of solidity the tests should also be 
made over the range of blade-chord angles for solidities 
freee (>, 1.33, and 1.5. 

Mewever before any further testing is carried out in 
the Rectilinear Cascade Test Facility the first four 
recommendations of Ref. 3 should be considered vee owes 
mermeerow Conditions in the test section. The removal or 
Memes pn Of the turning vanes in the plenum chamber should 
also be considered because during some tests wakes from 


mgemelrning vanes were felt in the test section. 
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APPENDIX A 


COMPUTER PROGRAM CASCADE III 


The following program takes data of cascade tests and 
Pompucves mass averaged conditions at cascade inlet and 
See ond the loss coefficients Y. 


ine program inputs are: 


INPUT CODE UNITS 
Chord Length C inches 
Blade Spacing S Inches 
Pomosphneric Temperature TATM Degrees F 
Pemospheric Pressure Eee Imenes ol He 
fet Number NRUN 
Number of Data Points NPTS1 


Before Blade 


Number of Data Points NPUS2 
After Blade 


Reference Kiel Probe Pressure PK Inches of 
Water 

Plenum Temperature Beale Degrees F 

Traverse Location ee inemes 

Total-Pressure Function eee 

Dynamic-Pressure Function Q1,Q2 

Flow Angle Pewee Ae Degrees 
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